Additional flexibility in III-V semiconductor band gap and lattice constant engineering has been achieved in the last two decades by exploiting band anticrossing interactions in so-called highly mismatched alloys. 1 These include dilute nitrides, and increasingly, dilute bismides, where there is a mismatch between the size and electronegativity of the host anions and the isoelectronic impurity element. Here the focus is upon GaSb based highly mismatched alloys which are of interest for 2-5 lm midinfrared applications. While tuning of the band gap within this range has recently been achieved using GaN x Sb 1Àx alloys, 2, 3 changing the band gap of GaSb by Bi alloying has yet to be adequately explored. This is in spite of the fact that the closely related InSbBi alloy system was the first of the dilute bismide materials to be grown, [4] [5] [6] long before the band anticrossing phenomena became established. 7 The previous recent reports of the growth of GaSb 1Àx Bi x alloys by liquid-phase and molecular-beam epitaxy (MBE) were characterized by low levels of Bi incorporation with x 0:008 (Refs. 8 and 9) and lattice contraction with respect to GaSb rather than the expected expansion. 9 This letter reports the growth by molecular-beam epitaxy of GaSbBi alloys with up to 5% Bi, characterization by x-ray diffraction (XRD), Rutherford backscattering (RBS) and optical absorption spectroscopy, and density functional theory (DFT) calculations of Bi substitution into GaSb.
The GaSbBi epilayers for this study were grown by solid source MBE on GaSb (001) undoped substrates mounted on In-free platens. Each of the substrates was outgassed at 300 C prior to loading into the growth chamber. The Ga flux was supplied by a Sumo cell, the Sb flux by an Addon valved cell, and the Bi flux by a downward facing Sumo cell. For each substrate, the oxide was removed under an incident Sb flux at approximately 550 C and then a 100 nm GaSb buffer layer was grown at 500 C. Thereafter, the substrate was cooled to the required temperature under an Sb flux, with the incident Sb being removed when the substrate temperature reached 370 C. The Bi beam equivalent pressure flux was then set to approximately 3.3 Â 10 À8 millibars using the beam monitoring ion gauge. Once the cells had settled at the desired values, a $320 nm-thick GaSbBi epilayer was grown. The samples were grown at a fixed growth rate of $0.4 lmh À1 but over a range of substrate temperatures (250-350 C). Growth temperatures were determined using a pyrometer.
The samples were examined ex situ using RBS with 3.72 MeV He 2þ ions, an Asylum atomic force microscope (AFM), and by high-resolution XRD using a Philips X'Pert diffractometer equipped with a monochromatic Cu K a x-ray source (k ¼ 0.15406 nm) and a four bounce Ge monochromator. Analysis of the XRD measurements of the 004 reflections was performed using the X'pert Epitaxy application. Transmittance measurements were performed at room temperature using a Bruker Vertex 70 V Fourier-transform infrared spectrometer, using a liquid nitrogen-cooled HgCdTe detector, KBr beam splitter, and a globar light source. The absorption coefficient, a, was calculated from the transmittance data using Eq. (2) in Ref. 10 .
Due to the lack of an experimentally determined zinc blende GaBi lattice parameter precluding composition determination from XRD, the Bi fraction in the GaSbBi films and their thickness was determined by RBS. The inset of Fig. 1 shows the RBS spectrum from the sample grown at 250 C, along with simulated contributions from Bi, Sb, and Ga atoms, using the SIMNRA code, 11 indicating a GaSb 1Àx Bi x composition corresponding to Bi occupying 5% of the anion sublattice or x ¼ 0.05. The step in the Sb signal at $3. anion sublattice in the GaSbBi film to 100% Sb in the GaSb buffer layer and substrate. This indicates that the Bi incorporates on the group V sublattice. The Bi content from RBS as a function of growth temperature is shown in Fig. 1 for fixed Bi cell conditions and fixed growth rate. The Bi content increases as the growth temperature decreases and reaches a plateau corresponding to x ¼ 0.05 for growth temperatures below approximately 275 C. The temperature dependence of the Bi incorporation in GaSb 1Àx Bi x has been modeled using the kinetic approach described by Wood et al. 12 and Pan et al. 13 that has previously been applied to N incorporation in Ga(In)N x Sb 1Àx alloys. 3, 14 The curve shown in Fig. 1 corresponds to an energy barrier for Bi desorption of 1.75 eV and a characteristic surface residence lifetime of Bi atoms of 6.5 ls, compared with the previously reported values for GaNSb of 2.0 eV for the barrier for N desorption and 5 ls for the characteristic surface residence lifetime of N atoms. 14 Channeling RBS measurements along the h100i, h110i, and h111i directions indicate that the films have very high epitaxial quality with greater than 98% of the Bi atoms in the substitutional group V sublattice in all films.
AFM measurements have previously indicated that large Bi droplets can form on the surface of GaSbBi grown with high Bi flux, but flat surfaces with root mean squared (RMS) roughnesses below 1 nm have been obtained using lower Bi fluxes. 9 Here, a 2:5 Â 2:5 lm 2 atomic force micrograph of the sample grown at 300 C indicates a similar RMS roughness of 0.65 nm.
XRD was used to determine the epitaxial quality of the films and to confirm the epilayer thickness. An example measurement and simulation is shown in Fig. 2 for a layer with x ¼ 0.036, where both the 004 peak splitting and the Pendell€ osung fringes were modeled by dynamical simulations. The epilayer peak occurs at lower Bragg angle than the substrate peak, corresponding to the GaSbBi layer having an expanded lattice with respect to that of GaSb. This lattice dilation is in contrast to the aforementioned lattice contraction of GaSbBi observed by Song et al. 9 The tetragonal distortion of the pseudomorphic GaSbBi films is accounted for using GaSb elastic constants. There is good agreement between the experimental and simulated XRD patterns. All samples show clear thickness fringes, indicating the presence of smooth and coherent interfaces. The lattice parameters in the growth direction of the pseudomorphic films are shown in the inset of Fig. 2 as a function of RBS-determined Bi content (open squares), along with the corresponding derived free standing GaSbBi lattice parameters (closed circles). The lattice parameter varies linearly, following Vegard's law.
The incorporation of Bi in GaSb has also been investigated using DFT calculations employing hybrid functionals which often provide better structural data and more accurate band gaps than the local density and generalized gradient approximations. [15] [16] [17] Here, the screened Heyd-ScuseriaErnzerhof (HSE) hybrid density functional is used, 18 as implemented in the VASP code. 19 The value of exact nonlocal exchange, a, was 32.5%, which yields a band gap of 841 meV for GaSb, in good agreement with the 0 K band gap of 812 meV extrapolated from low temperature experimental data. 20 The valence-core interaction was described using the projector augmented wave (PAW) approach, 21 and cores of [Ar] for gallium, [Kr] for antimony, and [Xe] for bismuth are used. A cutoff of 400 eV was used for all the calculations, with the Brillouin zone sampled using a 8 Â 8 Â 8 Monkhorst Pack grid. Calculations were deemed to have converged when the forces on all the atoms were less than 0.01 eV Å
À1
, and all calculations included spin-orbit-coupling. To assess the formation energy of Bi alloying with GaSb, we have calculated the formation energy for substitution of Bi on the anion sublattice, Bi Sb , and for Bi substitution on the cation sublattice, Bi Ga . Supercells containing 64 atoms were created, in which 1 Bi atom corresponds to x ¼ 0.03125 in GaSb 1Àx Bi x . A k-point mesh of C-centered 2 Â 2 Â 2 was used for the supercell calculations, and the impurity formation energies are calculated using the standard approach. 22 The formation energy for Bi Sb is 0.59 eV under Sb-rich and 0.22 eV for Sb-poor conditions, while Bi Ga is 1.75 eV for Sbrich and 2.33 eV for Sb-poor conditions. This indicates that substitution of Bi on the anion sublattice is very likely, in agreement with our experimental results, and that significant concentrations of cation substitution by Bi is highly unlikely. The inclusion of one Bi Ga defect in a 64 atom supercell gives a 1.54% volume expansion, compared with 0.35% volume expansion for Bi Sb . This corresponds to a 0.117% linear expansion for Bi on the Sb site for a GaSb 1Àx Bi x alloy composition corresponding to x ¼ 0.03125. Applying this expansion to the room temperature, experimental GaSb lattice parameter gives the triangle data point in the inset of Fig. 2 , which is in agreement with the experimentally determined lattice expansion resulting from Bi alloying.
In order to investigate the optical properties of the GaSbBi samples as a function of Bi content, transmittance measurements were performed. The transmission data from each sample was divided by the transmission from a GaSb substrate so that the remaining signal corresponds to transmission through a $320-nm thick GaSbBi layer. The derived absorption spectra are shown in Fig. 3 . The absorption edge decreases in energy to $540 meV as the Bi content is increased to x ¼ 0.05. The observed decrease exceeds the band gap reduction predicted by the virtual crystal approximation (VCA) (that is, linear variation of the band gap between the two zinc-blende binary end points of the alloy). Using the hybrid DFT-calculated "negative band gap" of the semi-metallic zinc-blende GaBi of À2.14 eV (Ref. 23 ), the VCA band gap reduction, shown by the dashed line in Fig. 3 , is 26.3 meV/%Bi consisting of 26.0 meV/%Bi lowering of the conduction band minimum (CBM) and 0.3 meV/%Bi increase of the valence band maximum (VBM). However, the band gap reduction is well reproduced by the 12 Â 12 kÁ p model described by Alberi et al. for GaAsSb and GaAsBi 24 wherein a valence band anticrossing (VBAC) interaction is included between localized Bi 6 p-like states and the host valence bands. Here, the Bi state energy level is 1.17 eV below the GaSb VBM and the interaction strength is 1.1 eV. The VBAC interaction is combined with the effect of lowering of the CBM within the VCA.
The band gap reduction is 36.2 meV/%Bi and, according to the modeling, is made up of 26.0 meV/%Bi VCA lowering of the CBM and 10.2 meV/%Bi due to the upward shift of the VBM due to the VBAC interaction. This total band gap reduction of 36 meV/Bi% is significantly lower than the $84 meV/%Bi for GaAsBi. 25 The 10 meV/%Bi upward VBM shift for GaSbBi is much smaller than equivalent value for GaAsBi of 53 meV/%Bi. 26 This is consistent with the smaller size and electronegativity mismatch between Sb and Bi as compared to As and Bi. However, in terms of band gap reduction per unit of lattice constant change, GaSbBi is one of the most extreme highly mismatched alloys. Comparing the band gap reduction for 0.01 Å change of lattice constant, the value of 210 meV for GaSbBi exceeds those for GaNSb (105 meV), 2 GaNAs (157 meV) (Refs. 27 and 28), and GaAsBi (125 meV). 25 This is largely a consequence of the relatively close proximity of the GaSb and zinc-blende GaBi lattice parameters.
In summary, GaSb 1Àx Bi x thin films with x up to 0.05 have been grown by MBE. The Bi was found to cause the expected expansion of the lattice, in contrast to some previous reports, and greater than 98% of the incorporated Bi was found to be substitutional on the Sb sublattice. This is consistent with our hybrid functional DFT results. The optical absorption edge was found to decrease from 720 meV for GaSb to $540 meV for GaSb 0.95 Bi 0.05 . The band gap reduction corresponds to 36 meV/%Bi, much lower than the 84 meV/%Bi for GaAsBi, but in terms of the 210 meV band gap reduction per 0.01 Å change of lattice constant, GaSbBi is one of the most extreme highly mismatched alloys. 
